ABSTRACT
INTRODUCTION
The library FALin (fuzzy arithmetics in linkage analysis) includes classes mimicking the process of inheritance, precisely, the gametogenesis in an individual (meiosis) and the generation of a new individual (mating). We needed such a tool to simulate genetic inheritance in the field of linkage analysis. The main biologic entities involved in the process (from allele, locus... to population and species) were represented through a hierarchy of classes coded in C++.
A notable feature of the library is its ability of handling fuzzy (Zadeh, 1965) phenotypes. Quantitative phenotypes are expressed with real numbers. A degree of impreciseness in that expression ('more or less five') can be modeled by using fuzzy numbers. In fact, phenotypes are often described by means of linguistic terms (such as: high, medium, low) rather than by precise numbers. For instance, in animal breeding calving difficulty is registered as easy, weak push, strong push and caesarean (Graser, * To whom correspondence should be addressed. 1995); size of newborn calfs is not given by any quantitative measure, but through a nominal scale : excellent, good, regular, bad. This kind of phenotypic trait is usually handled by fitting a threshold model (Fleiss, 1973; Dempster and Lerner, 1950) . According to this, an underlying, unobserved continuous variable (liability) is assumed to cause the phenotype to take one or another discrete value, according to whether the liability exceeds or not certain thresholds.
An alternative approach resorts to fuzzy numbers (Zadeh, 1965; Dubois and Prade, 1993) . Each linguistic term is assigned a fuzzy number, a mathematical entity that represents a quantity not clearly defined. We give a very short introduction on fuzzy theory in the next section.
The library is focused on linkage analysis, though it is not hard to conveniently extend the implemented classes or to add new ones. Any pedigree structure may be simulated by generating individuals from a population or from a mating between two individuals, in the appropriate way.
SYSTEM AND METHODS
Assumptions of the simplified genetic model are the usual ones in genetic linkage analysis and simulation. They are specified in the Algorithm section. What follows is a brief review of fuzzy arithmetic.
Following the definition of Wierman (1997) , a fuzzy number is a mapping A from R to the [0, 1] interval, A : R → [0, 1], such that:
• there exists x 0 in R such that A(x 0 ) = 1;
• there exist x 1 and x 2 in R such that A(x 1 ) = A(x 2 ) = 0 and
• A is upper semi-continuous. Figure 1 . The concept of fuzzy partition is not required while using FALin, but it is useful to construct a representation of a trait based on fuzzy numbers. See Ruspini (1969) for additional properties of fuzzy partitions.
An alpha-cut A α of a fuzzy number A is defined as the set {x ∈ R|A(x) α}. A is completely determined by the collection (A α ) α∈ [0, 1] .
Arithmetic is possible with fuzzy numbers (Kaufmann and Gupta, 1991) . To meet our goals, only addition is relevant. Details on computing a fuzzy sum are given below.
ALGORITHM
The genetic map comprises a haploid number of chromosomes. Only diploid genomes were considered. A Chromosome is merely an interval of real numbers from 0 to the length of the chromosome. Each Locus of interest must be placed in a certain position within a chromosome. Every locus has a list of possible associated alleles. The generation of random individuals from a population assumes Hardy-Weinberg and linkage equilibria. The generation of a new Individual as progeny of a pair of two other individuals, that is, the inheritance process, takes the usual steps of gametogenesis and mating.
The phenotype is the sum of the environmental effect plus the genetic effect (no interaction is allowed). The genetic effect is the sum across loci of the effect of their alleles present (no epistasis allowed).
The effect of the pair of alleles (i, j) may be a real number (a crisp number) or a fuzzy number. The algorithm for the fuzzy sum is based on the sum of alpha-cuts: by the extension principle of Zadeh (1965) N(1, 3, 3) , then a correspondence between linguistic adjectives and the fuzzy phenotype may be computed by making use of a compatibility operator (any fuzzy measure of distance expressing the similarity of fuzzy numbers). The fuzzy-valued phenotype may be included in a fuzzy regression model (Bardossy et al., 1990) , or treated as input for a fuzzy logic-based expert system (see Nordhoff et al., 1995 , for a fuzzy control development tool).
IMPLEMENTATION
The library has two sub-libraries. One is dedicated to genetic issues such as structures and inheritance. The other performs the fuzzy arithmetics and has been extended as a stand-alone library and a language interpreter that deals with fuzzy regression and fuzzy interpolation as well (CoALA, 2001 ). The genetic subset of the library comprises classes that represent biologic entities and auxiliary classes (see the diagram in Figure 2 ). Auxiliary classes are:
• holders: general structures used by some genetic classes; VoL (vector of lists) and SymMatrix (symmetric matrix: stores only the upper triangular).
• map functions: a general class MapFunction, from which specific ones derive (e.g. Haldane).
• random number generators: a general class (Random) and two derived classes (MersenneTwister and Embedded).
Biologic entities represented as C++ classes are: Allele, Locus, Chromosome, Genome, Haplotype, Trait, Phenotype, Individual, Breed (population), Species. A brief description follows.
Class Species holds the genetic map (the positions of loci in chromosomes and their effects SymMatrix, if any, on the traits). The class Breed sets the allele frequencies and mean and variance of the environmental factor (assumed to follow a Gaussian distribution). The genome is structured as a VoL of loci. Each list represents a chromosome. An individual's phenotype for a certain trait is modeled as the sum of the genetic factor and the environmental factor. The genetic factor is the addition across loci of single-locus effects. Thus, epistasis is not contemplated. For any trait influenced by a certain locus with m alleles, a symmetric m × m matrix is assigned to the locus; the element (i, j) of the matrix is the effect of the locus when alleles i and j are present. As the main goal of FALin was the study of quantitative trait locus linkage, the value associated to each allele pair is a real (or fuzzy) number, and no transformations are considered to calculate the phenotype (as would be needed for a threshold model, for example). Implementation of pleiotropy is possible because a single Locus can control different traits.
Great care was taken for the choice of an appropriate random number generator for simulations; the fast and reliable Mersenne Twister (Matsumoto and Nishimura, 1998) has been used for example by the computationallyintensive Loki (Heath, 1997) . As implemented, random numbers may be drawn either by system calls embedded in the compiler (class Embedded) or by using the Mersenne Twister. If a wider choice of generators were needed, we suggest to check the GNU Scientific Library (GnuSL, 2001) .
There is the option of choosing among a series of map functions (Haldane, Kosambi and Complete Interference).
A parser is included to facilitate data input for simulations of certain pedigree designs. Only a predefined set of relationships can be parsed. Arbitrary pedigrees must call library functions directly.
The fuzzy subset of the library is centered on three classes: Interval, AlphaCut and Fuzzy. Class Interval implements the arithmetics of real intervals. This is the base for the arithmetic of AlphaCut. An AlphaCut is a pair of intervals, one contained in the other, and a membership level. The alpha-cut is represented as [a [b, c] A general-shaped fuzzy number is modeled by a vector of alpha-cuts (class Ifuzzy, inheriting from Fuzzy). In order to sum two fuzzy numbers, the sum of a discrete number of alpha-cuts is performed. This is made possible by cutting all fuzzy numbers at the same alphalevels.
The fuzzy library overloads all usual arithmetic operators and most frequent mathematical functions. The implementation allows a transparent use, for it converts crisp numbers to their fuzzy counterparts automatically, and fuzzy rules apply to crisp quantities with the same results as traditional arithmetic. There is a performance penalty as a consequence of treating crisp as fuzzy.
DISCUSSION
Our objective was to develop a portable library for general unconditioned simulation of genetic linkage, capable of handling fuzzy traits.
Phenotypes are influenced by both genes and environment. A genetic background may be modeled by including many genes with small effects along the Genome. It must be noted that the concept of mutation is not addressed by this library. It was not relevant in our studies, so we did not implement it. If you have to deal with mutations, the GSL (Conery and Lynch, 1999 ) constitutes a good starting point.
Despite the widespread application of the fuzzy theory in fields such as artificial intelligence (Zadeh, 1975) , medicine (Adlassnig et al., 1995; Sanchez, 1977) , economics (Billot, 1995) , hydrology (Bardossy et al., 1990) , psychology, etc., its presence in genetics is definitely scarce. Some papers making use of fuzzy methods are Nakamura and Shimizu (1998), Strandberg and Grandinson (1998) , and Wade et al. (1998) . The vagueness has been mainly modeled in biology through the threshold model or Bayesian prior distributions. Notwithstanding, sometimes it is required to clearly distinguish between imprecision (vagueness, fuzziness) and stochastic uncertainty (errors, randomness). Combined statistical fuzzy methods can be useful (Fruhwirth-Shnatter, 1993; Viertl, 1996; Gil and Lopez, 1993) . Within a genetic context, it can be interesting to differentiate, in the model output, between perturbations caused by Mendelian sampling, linkage, etc., and uncertainty due either to an inaccurate knowledge of gene effects, or to the implicit nature of measured traits.
The analysis of fuzzy phenotypes can be performed via fuzzy regression methods (Bardossy et al., 1990) . At present, FALin's fuzzy number library can perform linear regression with crisp independent variates and fuzzy response and coefficients.
Fuzzy phenotypes are adequate for the use of fuzzy logic rules in decision-support systems (Wade et al., 1998) . FALin is suitable to test an expert system involving the genetic background of the trait. The expert system may be aimed at disease diagnosis, or selection in animal breeding. It may provide an objective, consistent system, especially useful when dealing with multiple contributing factors.
Earlier versions of the library have been used by the authors to calculate the power of QTL detection designs (Baro et al., 2001) . At that stage, FALin's functionality was limited and only crisp simulation was used. The suitability of fuzzy theory in this context requires additional work to be checked. Particularly, a thorough balance between allegedly more realistic models and increased mathematical complexity must be determined. FALin may be a useful tool for.
